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An  exceptionally  durable  and  highly  active  Pt  catalyst  has  been  prepared  by  embedding  Pt  nanopar¬ 
ticles  inside  the  pores  of  a  nitrogen-doped  porous  carbon  layer  coated  on  carbon  nanotubes  (denoted 
as  Pt@NC-CNT).  The  aforementioned  material,  under  different  carbonization  temperatures,  is  character¬ 
ized  by  transmission  electron  microscopy,  N2  adsorption  and  desorption  isotherms,  X-ray  photoelectron 
spectroscopy,  and  Raman  spectroscopy.  The  maximum  current  density  (Jmax)  during  the  methanol  oxida¬ 
tion  reaction  (MOR)  observed  for  Pt@NC-CNT  (13.2  mAcnrr1 )  is  20%  higher  than  that  of  the  commercial 
Pt/XC-72  (10.8  mAcnrr1 )  catalyst.  In  the  accelerated  durability  test,  the  /max  after  2000  cycles  for  Pt@NC- 
CNT-600  decreased  from  13.2  to  6.9  mA cm-2  (48%  decreased)  compared  with  Pt/XC-72,  which  showed 
a  decrease  from  10.8  to  0.46 mAcnrr2  (96%  decreased).  This  indicates  that  the  Pt@NC-CNT  catalyst  has 
extremely  stable  electrocatalytic  activity  for  MOR  owing  to  its  unique  structure,  whereby  Pt  is  protected 
by  being  embedded  inside  the  pores  of  the  nitrogen-doped  carbon  layer.  Pt@NC-CNT’s  superior  durability 
properties  are  further  verified  by  observing  the  changes  of  the  Pt  particle  sizes  using  TEM  images  before 
and  after  accelerated  durability  tests,  as  compared  with  Pt/XC-72. 

©  201 1  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Porous,  graphitic  carbon  materials  have  several  appealing  physi¬ 
cal  properties,  such  as  low  density,  large  surface  area,  high  chemical 
inertness  and  thermal  stability,  that  exhibit  promising  potential  for 
many  applications,  including  their  use  as  catalytic  support  [1-5]. 
In  general,  today’s  most  frequently  employed  supports,  carbon 
black  and  activated  carbon,  have  poor  electrical  conductivity.  By 
contrast,  carbon  nanotubes  (CNTs)  have  proven  to  be  a  better  sup¬ 
port  for  electrocatalysts,  but  they  exhibit  poor  pore  development 
and  low  surface  area,  which  leads  to  low  dispersion  and  stabil¬ 
ity  of  the  noble  metal  catalyst  particles  [6-8].  There  is  increasing 
evidence  indicating  that  the  physical  and  electrochemical  prop¬ 
erties  of  carbon  materials  are  extremely  sensitive  to  doping  by 
heteroatoms  [9-12].  In  particular,  the  doping  of  nitrogen  into  car¬ 
bon  produced  a  profound  effect  on  surface  chemical  activity  and 
electron-transfer  rates  [13-15].  Generally,  Pt-based  catalysts  with 
nitrogen-doped  carbon  materials  as  support  feature  enhanced  cat¬ 
alytic  activity  toward  methanol  oxidation  and  oxygen  reduction, 
which  can  be  attributed  to  modifying  the  interaction  between  the 
Pt  catalysts  and  carbon  support  [16-19].  In  addition,  durability  of 
fuel  cells  has  also  been  one  of  the  major  issues  to  be  solved  to 
realize  commercialization  [19-22].  The  sintering  and  dissolution 
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of  the  Pt  catalyst  in  the  cell  operation  condition  bring  about  the 
decrease  of  Pt  metal  surface  area,  and  hence  the  performance  of 
fuel  cells  is  significantly  decreased.  To  improve  the  durability  at  the 
electrode,  numerous  studies  have  concentrated  on  understanding 
the  effects  of  carbon  supports  and  exploring  new  carbon  supports 
[23-28]. 

Compared  with  proton  exchange  membrane  fuel  cells  (PEMFCs) 
fed  by  hydrogen,  direct  methanol  fuel  cells  (DMFCs)  possess  many 
advantages  such  as  simple  processing,  high  energy  density  and  low 
operating  temperature.  Additionally,  unlike  hydrogen,  methanol  is 
an  abundant,  inexpensive  liquid  fuel  that  can  be  easily  handled, 
stored,  and  transported.  However,  these  catalysts  for  methanol 
oxidation  offer  much  less  activity  and  durability  under  fuel  cell 
operation  conditions  [28-33  ].  In  this  context,  we  have  been  striving 
to  develop  a  novel  high  nitrogen-containing  carbon  nanotube  (NC- 
CNT)  by  using  aniline  as  a  dispersant  to  CNTs  and  as  a  source  for 
both  carbon  and  nitrogen  coated  on  the  surface  of  the  CNTs  [  1 9].  The 
doped  nitrogen  found  in  the  porous  carbon  layer  not  only  acts  as  a 
stabilizer  in  preparation  for  small  Pt  particles  but  also  enhances  the 
catalytic  activity.  In  recent  research,  we  reported  on  the  prepara¬ 
tion  of  Pt  catalysts  embedded  in  the  carbon  layer  surrounding  CNTs 
[34].  Here,  Pt  particles  inside  NC-CNT  (denoted  as  Pt@NC-CNT)  are 
protected  by  being  embedded  within  the  porous  nitrogen-doped 
carbon  layer,  resulting  in  high  durability. 

In  this  paper,  we  elucidate  the  production  of  catalysts  for 
methanol  oxidation  reactions  using  Pt@NC-CNT  under  differ¬ 
ent  carbonization  temperatures.  The  novel  catalyst  was  then 
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characterized  by  various  techniques  such  as  transmission  elec¬ 
tron  microscopy  (TEM),  high-resolution  transmission  electron 
microscopy  (HR-TEM),  N2  adsorption  and  desorption  isotherms, 
X-ray  photoelectron  spectroscopy  (XPS),  and  Raman  spectroscopy. 
Such  extensive  characterizations  help  in  gaining  a  better  under¬ 
standing  of  the  properties  of  the  nitrogen-doped  carbon  layer. 
Furthermore,  the  enhanced  catalytic  activity  and  durability  of  the 
carbon-supported  catalysts  are  also  investigated  and  compared 
with  commercially  available  catalyst. 

2.  Experimental 

2.1.  Synthesis  ofPt  nanoparticles  embedded  in  nitrogen-doped 
porous  carbon  layers  surrounding  CNTs 

The  composites  were  synthesized  by  chemical  oxidation  poly¬ 
merization  of  aniline  on  CNTs  (Multi-wall  carbon  nanotubes, 
Scientech  Corporation,  purity  >95%).  A  20.0  mL  solution  of  iso¬ 
propyl  alcohol  (J.T.  Baker,  99%)  containing  treated  CNT  0.050  g  was 
first  stirred  before  the  synthesis,  followed  by  the  addition  of  0.1  Og 
aniline  monomers  (Sigma-Aldrich,  99.5%)  in  lOmL  0.5  M  H2SO4 
into  the  CNT  suspension.  The  above  solution  was  further  mixed 
with  lO.Og  of  0.1  M  NaOH(aq)  containing  an  appropriate  amount  of 
foaming  agent  (EDTA,  Sigma-Aldrich,  >99%)  and  1.6  mL  of  Pt  solu¬ 
tion  (Umicore,  H2PtCl6-6H20,  0.082  M)  (the  molar  ratio  of  foaming 
agent  to  Pt  was  1:1).  The  resulting  mixture  were  subsequently 
stirred  for  3  h  at  room  temperature,  at  which  point  a  solution  of 
0.50  M  H2S04  containing  the  oxidant  (NH4)2S208  (ammonium  per- 
oxodisulphate,  APS)  was  added  (the  molar  ratio  of  APS  to  aniline 
was  0.8:1 ).  Polymerization  was  then  carried  out  at  room  tempera¬ 
ture  for  20  h.  The  resulting  products  were  filtered  and  washed  with 
deionized  water,  and  then  dried  under  vacuum  at  70  °C  overnight. 
The  hybrid  carbon  materials  were  treated  at  different  temperatures 
(500,  600,  650,  and  800  °C)  in  an  argon  gas  flow  oven  (100  seem) 
for  3  h  to  form  a  nitrogen-doped  char  layer  surrounding  the  CNTs. 
Then  a  sufficient  amount  of  sodium  borohydride  was  added  to  the 
mixture  (the  molar  ratio  of  sodium  borohydride  to  Pt  was  15:1) 
and  stirred  for  6  h,  after  which  it  was  filtered  and  dried  in  vac¬ 
uum  at  70  °C  overnight.  Finally,  the  sample  was  heated  at  400  °C 
in  a  quartz-tube  furnace  with  flowing  argon  gas  for  2  h.  The  resul¬ 
tant  products  are  denoted  as  Pt@NC-CNT-x,  where  x  is  the  pyrolysis 
temperature  (°C). 

2.2.  Sample  characterization 

The  TEM  portion  of  the  study  was  conducted  using  a  Hitachi- 
H7500  with  an  accelerating  voltage  of  80  kV.  HR-TEM  analysis  was 
performed  using  Philips/FEI  Tecnai  20  G2  S-Twin  electron  micro¬ 
scope,  operated  at  200  kV.  Specific  surface  areas  of  the  prepared 
catalysts  were  determined  using  the  Braunauer-Emmett-Teller 
(BET)  method  on  a  Micromeritics  ASAP  2020  instrument.  XPS  mea¬ 
surements  were  carried  out  with  a  VG  Scientific  ESCALAB  210 
electron  spectrometer  using  Mg  Ka  radiation  under  a  vacuum  of 
2  x  10-8  Pa.  Thermogravimetry  (TG)  analysis  was  performed  on  a 
thermogravimetric  analyzer  (TGA  Q-50)  over  a  temperature  range 
of  50-800  °C  at  a  heating  rate  of  20°Cmin-1.  A  micro  Raman 
spectrometer  from  Renishaw  with  a  He-Ne  laser  source  with  a 
wavelength  of  633  nm  was  used  to  determine  the  structure  of  CNTs. 

2.3.  Electrochemical  measurements 

A  CHI-608A  potentiostat/galvanostat  and  a  conventional  three- 
electrode  test  cell  were  used  for  electrochemical  measurement. 
GC  disk  electrode  (5  mm  diameter,  Pine)  served  as  the  substrate 
for  the  supported  catalyst.  An  aliquot  of  catalyst  suspension  was 
transferred  onto  the  carbon  substrate,  leading  to  a  catalyst  loading 


of  50.9  |jig  catalyst  cm-2  for  Pt@NC-CNT  and  commercial  Pt/XC- 
72  catalyst  (E-TEK).  The  CV  test  was  performed  on  the  working 
electrode  by  cycling  the  voltage  between  -0.23  and  1.0  V  versus 
Ag/AgCl  electrode  in  0.1  M  HC104  solution.  Electrooxidation  of 
MeOH  was  carried  out  with  an  electrolyte  of  0.5  M  H2S04  and  1 .0  M 
MeOH  between  0  and  0.95  V  at  room  temperature.  The  scan  rate 
was  20mVs-1. 

3.  Results  and  discussion 

3.1.  Structural  properties  ofPt@NC-CNT  catalysts 

The  Pt@NC-CNT  catalysts  were  synthesized  using  our  previ¬ 
ously  reported  method  [34].  In  the  preparation,  aniline  was  used 
to  form  polyaniline,  which  was  then  pyrolyzed  into  the  nitrogen- 
doped  porous  carbon  layer  surrounding  the  CNTs,  and  employed 
to  stabilize  Pt4+  and/or  Pt°  during  the  reduction  and  pyrolysis 
process.  The  microstructure  of  the  Pt@NC-CNT  catalyst  was  charac¬ 
terized  by  the  representative  HR-TEM  images  shown  in  Fig.  la.  The 
images  demonstrate  that  Pt  particles  are  found  to  be  surrounded  by 
many  small  lines,  corresponding  to  microporous  graphitic  carbon 
layers,  which  illustrates  that  the  Pt  nanoparticles  are  embedded 
within  the  carbon  layer.  In  contrast  to  the  image  of  Pt@NC-CNT,  the 
image  of  the  catalyst  without  using  the  foaming  agent  to  chelate 
platinum  ions  (Pt@NC-CNT-y)  (Fig.  lb)  illustrates  that  Pt  nanopar¬ 
ticles  surrounded  by  amorphous  nanostructures  are  clearly  seen. 
The  Pt@NC-CNT-y  contains  more  curvature  and  dislocations  in  the 
structure,  which  is  likely  due  to  the  propensity  of  substituted  nitro¬ 
gen  to  form  pentagonal  defects  in  the  structure.  Comparing  the 
surface  areas  of  Pt@NC-CNT  and  Pt@NC-CNT-y  shows  that  Pt@NC- 
CNT  (271  m2  g-1)  has  a  significantly  higher  BET  surface  area  than 
that  of  Pt@NC-CNT-y  (120  m2  g-1 ).  For  Pt@NC-CNT,  the  introduc¬ 
tion  of  the  foaming  agent  into  the  polyaniline  resulted  in  a  150% 
increase  in  surface  area.  Moreover,  the  electron  conductivity  in 
electrocatalysis  would  benefit  from  the  layers  of  graphitic  carbon 
nanostructures  due  to  their  high  crystallinity,  as  illustrated  by  HR- 
TEM  images. 

The  binding  energy  between  Pt  atoms  and  the  nitrogen  group  on 
the  surface  of  the  Pt@NC-CNT  and  Pt@NC-CNT-y  was  characterized 
by  XPS,  as  shown  in  Fig.  2.  In  the  Nls  region  (Fig.  2a),  both  Pt@NC- 
CNT  and  Pt@NC-CNT-y  show  two  comparable  peaks  at  398.6  and 
400.6  eV,  which  are  assigned  to  pyridinic  and  graphitic-type  nitro¬ 
gen  atoms  doped  at  the  edges  and  in-between  the  graphitic  carbon 
layers,  respectively  [15,35,36].  It  is  clear  that  Pt@NC-CNT  contains 
large  percentages  of  pyridinic  nitrogen,  which  have  been  reported 
to  be  responsible  for  the  active  sites.  In  the  Pt  4f  region  (Fig.  2b),  the 
Pt  4f  line  shows  two  pairs  of  peaks  from  the  spin-orbital  splitting 
of  the  4f7/2  and  4f5/2  [37,38].  The  most  intense  doublets  observed 
at  71.4  and  74.8  eV  are  attributed  to  zero-valent  platinum  Pt°  for 
Pt@NC-CNT.  The  lower  shift  (0.6  eV)  in  binding  energy  observed 
for  Pt@NC-CNT  as  compared  to  Pt@NC-CNT-y  (72.0  eV  and  75.2  eV) 
indicates  that  introducing  the  foaming  agent  caused  more  platinum 
surface  to  be  exposed,  resulting  in  a  higher  degree  of  reduction  of 
the  platinum  catalyst.  The  above  results  suggest  that  the  foaming 
agent  not  only  leads  to  a  high  porous,  high  surface  area  carbon  layer, 
but  also  exposes  greater  amount  of  platinum  catalyst. 

3.2.  Structural  properties  of  Pt@NC-CNT  catalyst  under  different 
carbonization  temperatures 

To  study  the  effects  carbonization  temperature  on  the  particle 
size  of  Pt@NC-CNT  catalysts,  TEM  images  were  compared,  as  in 
Fig.  3.  Without  carbonization  (Fig.  3a),  the  CNT  surface  is  coated 
by  polyaniline,  with  the  platinum  ions  encapsulated  inside  the 
polyaniline.  In  the  low  temperature  carbonization  process  (500  °C, 
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Fig.  1.  HR-TEM  images  of  (a)  Pt@NC-CNT  and  (b)  Pt@NC-CNT-y. 


Binding  Energy  (eV) 


Binding  Energy  (eV) 

Fig.  2.  The  XPS  spectra  of  Pt@NC-CNT  and  Pt@NC-CNT-y  catalysts  at  (a)  Nis  and  (b) 
Pt  4f  regions. 


Fig.  3b),  polyaniline  began  to  dehydrogenate  and  partially  denitro- 
genate  to  form  a  carbon  layer  surrounding  the  CNT.  In  the  pyrolysis 
process,  most  of  the  foaming  agent  pyrolyzed  into  gas  which  was 
blown  away  in  the  tubular  furnace  by  carrier  gas  (Ar(g)),  with  resid¬ 
ual  foaming  agent  being  reduced  to  less  than  1 0  wt%.  As  the  foaming 
agent  gasified,  Pt  became  exposed  and  reduced,  resulting  in  the 
size  of  the  Pt  catalyst  being  about  1.2  ±  0.5  nm.  At  higher  pyroly¬ 
sis  temperatures  (600  and  650  °C,  Fig.  3c  and  d),  the  thickness  of 
the  carbon  layer  began  to  decrease  while  the  size  of  the  Pt  cat¬ 
alyst  increased  to  2.8 ±1.1  and  3.1±l.lnm,  respectively.  When 
the  carbonization  temperature  was  increased  to  800  °C  (Fig.  3e), 
the  Pt  catalyst  significantly  increased  in  size  (4.9±2.6nm)  and 
aggregated  seriously.  These  observations  show  that  particle  size 
variation  is  significantly  influenced  by  the  increasing  carbonization 
temperature.  In  comparison,  it  can  be  seen  from  the  TEM  image  of 
the  Pt@NC-CNT-600-y  catalyst,  which  is  produced  without  using 
the  foaming  agent  (Fig.  3f),  that  the  size  of  Pt  particles  is  smaller 
( 1 .6  ±  0.3  nm)  and  more  uniform  than  Pt@NC-CNT-600.  This  means 
that  bubbles  induced  by  the  gas  generator  create  more  space  to 
allow  for  the  coagulation  of  Pt  under  high  temperature. 

The  textural  properties  of  Pt@NC-CNT  obtained  after  dif¬ 
ferent  carbonization  temperatures  (Pt@NC-CNT-x)  were  further 
characterized  by  measuring  the  nitrogen  adsorption-desorption 
isotherms.  The  structural  properties  of  various  Pt@NC-CNT-x  are 
summarized  in  Table  1.  As  shown  in  Fig.  4,  the  entire  Pt@NC- 
CNT-x  sample  generally  exhibited  the  typical  type-IV  isotherms, 
suggesting  the  existence  of  mesopores  in  the  samples  [37].  Upon 
further  increasing  the  pyrolysis  temperature,  the  hysteresis  loops 
for  the  samples  became  more  prominent.  Additionally,  the  abrupt 
increases  in  adsorption/desorption  curves  observed  for  Pt@NC- 
CNT-x,  occurring  at  a  higher  relative  pressure  (P/P0>  0.90),  could 
be  attributed  to  condensation  of  N2  in  the  center  and  in  inter¬ 
particle  voids  of  the  sample.  That  a  higher  surface  area  was 
observed  for  Pt@NC-CNT-650  (214  m2  g-1)  than  the  Pt@NC-CNT- 
500  (151m2  g-1 )  indicates  that  no  substantial  carbonization  of  the 
polyaniline  shell  took  place  at  a  pyrolysis  temperature  of  500  °C. 
However,  upon  increasing  the  pyrolysis  temperature  from  650  to 
800  °C,  the  surface  area  of  Pt@NC-CNT-x  was  slightly  decreased 
from  214  to  202  m2g-1.  This  trend  is  consistent  with  the  results 
of  Raman  spectroscopy  (discussed  below). 

The  electrical  conductivity  of  the  Pt@NC-CNT-x  was  fur¬ 
ther  characterized  by  four-point  probe  method,  also  shown  in 
Table  1.  The  pristine  CNTs  exhibited  an  electrical  conductivity  of 
149.2  S  cm-1  and  the  electrical  conductivity  of  Pt@NC-CNT-500, 
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Fig.  3.  TEM  images  of  (a)  Pt@polyaniline/CNT,  (b)  Pt@NC-CNT-500,  (c)  Pt@NC-CNT-600,  (d)  Pt@NC-CNT-650,  (e)  Pt@NC-CNT-800  and  (f)  Pt@NC-CNT-600-y  catalysts. 


Table  1 

Structure  parameter  of  various  Pt@NC-CNT  catalysts. 


Sample 

Particle  size3  (nm) 

SBETb  (m2  g-1) 

SMicroc(m2  g-1) 

SMesoc  (m2  g”1) 

V^totai5  (cm3  g-1) 

Conductivityd 

(Scrrr1) 

Pt@NC-CNT-500 

1.2  ±0.5 

151 

83 

68 

0.34 

30.1 

Pt@NC-CNT-600 

2.8  ±  1.1 

271 

60 

211 

0.58 

32.6 

Pt@NC-CNT-650 

3.1  ±  1.1 

242 

54 

188 

0.41 

48.5 

Pt@NC-CNT-800 

4.8  ±  2.6 

202 

37 

165 

0.36 

81.3 

Pt@NC-CNT-600-y 

1.4  ±0.3 

120 

24 

96 

0.35 

35.2 

a  Pt  particle  size  measured  by  the  TEM  images. 

b  BET  surface  area  and  total  pore  volume  obtained  from  the  N2  adsorption/desorption  isotherms. 
c  Microporous  and  mesoporous  surface  area  obtained  from  the  t-plot  analyses. 
d  Conductivity  were  measured  by  four-point  probe. 


Fig.  4.  N2  adsorption/desorption  isotherms  of  various  Pt@NC-CNT-x. 


Pt@NC-CNT-600,  Pt@NC-CNT-650  and  Pt@NC-CNT-800  are  30.1, 
32.6, 48.5,  and  81 .3  S  cm-1 ,  respectively.  Evidently,  the  amorphous 
carbon  char  on  CNT  resulted  a  decrease  in  electrical  conductivity, 
however,  due  to  the  CNT-base  core,  the  electrical  conductivity  of 
NC-CNT  is  better  than  that  of  commercial  carbon  support  XC-72 
(29.2  S  cm-1 ).  This  reveals  that  the  carbon  layer  on  CNT  enable  the 
conduction  of  electrons  among  carbon  nanotubes  more  effectively 
than  XC-72. 

Nitrogen  doping  via  the  replacement  of  C  atoms  with  N  atoms 
has  been  confirmed  by  XPS  as  mentioned  above,  after  which  the 
effects  of  nitrogen  doping  on  the  carbon  graphitic  structures  and 
crystallinity  were  further  investigated  using  Raman  spectroscopy 
(Fig.  5)  as  follows.  Pristine  CNTs  exhibit  two  main  characteris¬ 
tic  absorptions:  G-band  (~1580cm-1)  is  assigned  to  the  in-plane 
displacement  of  carbon  atoms  in  the  hexagonal  sheets,  and  D- 
band  (~1350cm-1)  is  due  to  the  disorder  of  the  structure  [28]. 
The  extent  of  the  defects  in  carbon  materials  can  be  quantified 
by  the  intensity  ratio  of  D  to  G  bands  (i.e.,  Jd//g)-  The  Ir>/IG  ratios 
are  1.02,  0.86,  and  0.93  for  Pt@NC-CNT-500,  Pt@NC-CNT-650  and 
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Raman  Shift  (cm'1) 


Fig.  5.  Raman  spectroscopy  of  various  Pt@NC-CNT-x. 


Temperature  (degree  C) 

Fig.  6.  TGA  curves  of  various  Pt@NC-CNT-x,  recorded  in  air  stream. 


Potential  V  (vs  Ag/AgCI) 


Number  of  Cycles 


Fig.  8.  The  CV  curves  of  various  Pt@NC-CNT-x  in  (a)  1.0M  MeOH  +  O.5  M  H2S04(aq) 
at  a  scan  rate  of  20  mV  s-1 .  (b)  Accelerated  durability  tests. 


Pt@NC-CNT-800,  respectively.  Again,  the  results  show  that  lower 
defects  were  observed  for  Pt@NC-CNT-650  than  Pt@NC-CNT-500. 
This  is  an  indication  that  no  substantial  carbonization  of  the 
polyaniline  shell  took  place  at  a  pyrolysis  temperature  of  500  °C, 
while  the  defects  of  Pt@NC-CNT-x  slightly  increased  with  an 


Fig.  7.  The  CV  curves  of  various  Pt@NC-CNT-x  in  0.1  M  HC104(aq)  at  a  scan  rate  of 
20mVs_1. 


increase  in  the  pyrolysis  temperature  from  650  to  800  °C.  This  trend 
is  consistent  with  the  TEM  results  shown  in  Fig.  3,  where  the  aggre¬ 
gation  of  platinum  has  induced  severe  destruction  of  the  carbon 
structure.  Such  structural  damage  of  the  carbon  layers  is  accompa¬ 
nied  by  decreases  in  the  surface  area  and  electrical  conductivity  of 
the  carbon  support. 

Fig.  6  shows  the  TGA  curves  of  the  Pt@NC-CNT-500,  Pt@NC- 
CNT-600,  Pt@NC-CNT-800  and  Pt@NC-CNT-600-y,  recorded  in  air 
stream.  There  are  three  apparent  decreases  in  the  sample  weights 
shown  in  the  thermograms.  The  first  step  ranged  from  50  to  1 50  °C 
and  was  attributed  to  the  evaporation  of  the  hydration  water. 
A  second  apparent  weight  loss  was  produced  between  250  and 
500  °C  and  was  attributed  to  the  decomposition  of  polyaniline. 
Above  500  °C,  there  was  an  appreciable  loss  of  mass,  which  cor¬ 
responds  to  the  decomposition  of  CNT  and  high  crystalline  carbon. 
Furthermore,  the  real  loading  percentages  of  Pt  in  the  Pt@NC-CNT 
composites  were  analyzed  by  measuring  the  residual  percentages 
as  shown  in  Table  2.  The  result  shows  that  higher  carbonization 
temperature,  the  lower  thermal  stability  of  Pt@NC-CNT-x  compos¬ 
ite.  This  result  may  be  due  to  higher  weight  loss  of  polyaniline/CNT 
composite  under  higher  carbonization  temperature  (ex.  Pt@NC- 
CNT-800),  while  the  weight  percentage  of  catalyst  is  relatively 
increased,  making  the  lower  thermal  stability  of  product.  In  addi¬ 
tion,  both  Pt@NC-CNT  (13.7%)  and  Pt@NC-CNT-y  (12.8%)  show 
similar  Pt  loading  percentage.  The  lower  thermal  stability  observed 
for  Pt@NC-CNT  as  compared  to  Pt@NC-CNT-y  (decomposition  of 
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Fig.  9.  TEM  images  of  the  (a,  c)  E-TEK  and  (b,  d)  Pt@NC-CNT-600  catalysts  (a,  b)  before  and  (c,  d)  after  2000  potential  cycles. 


CNT  at  505  and  535  °C,  respectively)  indicates  that  introducing  the 
foaming  agent  caused  more  Pt  surface  to  be  exposed,  resulting  in  a 
higher  activity  of  the  Pt  catalyst. 

3.3.  Electrocatalytic  activity  for  methanol  oxidation  reaction 

To  illustrate  how  the  nitrogen-doped  shell  on  the  CNT  affects 
the  electrochemical  properties  of  embedded  Pt  in  NC-CNT,  the  elec- 
trochemically  active  surface  areas  (EAS)  were  measured.  The  EAS 
was  estimated  by  the  integrated  charge  (after  excluding  the  dou¬ 
ble  layer  charging  effect)  in  the  hydrogen  adsorption-desorption 
region  (from  -0.2  to  0.1  V  using  Ag/AgCl  as  reference).  For  the 
cyclic  voltammograms  (CV)  of  the  Pt/C  catalyst  (Fig.  7),  the  EAS 
was  64  m2  g-1  for  Pt@NC-CNT-600  and  1 .3  m2  g-1  for  Pt@CNT-600- 
y.  The  lower  EAS  value  of  Pt@NC-CNT-600-y  can  be  attributed  to 
the  covered  Pt  particles.  The  higher  EAS  value  of  Pt@NC-CNT-600 
is  likely  induced  by  the  Pt  particle  surface  being  separated  from 
the  N-doped  carbon  char,  thereby  becoming  more  exposed,  and 
caused  by  the  foaming  agent  being  pyrolyzed.  Furthermore,  the 
EAS  values  are  similar  to  that  of  E-TEK  (68  m2g-1),  despite  the 
embedded  Pt  nanoparticles.  To  further  explore  the  effect  of  dif¬ 
ferent  carbonization  temperatures,  the  EAS  for  Pt@NC-CNT-500 


Table  2 

Electrochemical  parameters  and  catalytic  performances  of  various  Pt@NC-CNT  cat¬ 
alysts  during  methanol  oxidation  reaction. 


Sample 

Pt  content  (%)a 

EAS  (m2  g-1) 

Tnax 

(mAcm-2) 

Pt@NC-CNT-500 

15.8% 

<10 

0.6 

Pt@NC-CNT-600 

13.7% 

64 

13.2 

Pt@NC-CNT-800 

30.8% 

22 

6.8 

Pt@NC-CNT-600-y 

12.8% 

<10 

0.51 

E-TEK 

20% 

68 

10.8 

a  Total  Pt  loading  (wt%)  was  quantified  by  TGA. 


(<10m2g-1)  is  smaller  than  Pt@NC-CNT-600  (64m2g-1).  Again, 
the  high  temperature  decomposition  of  polyaniline  enables  greater 
exposure  of  Pt  to  hydrogen,  and  therefore  exhibits  more  activity. 
However,  with  a  further  increase  in  carbonization  temperature,  the 
EAS  became  22  m2  g-1  for  Pt@NC-CNT-800.  This  is  consistent  with 
the  TEM  results  shown  in  Fig.  1,  where  the  aggregation  of  plat¬ 
inum  caused  a  larger  particle  size  accompanied  with  low  EAS  and 
electrochemical  activity. 

Typical  voltammetric  curves  for  methanol  oxidation  of  Pt@NC- 
CNT  catalysts  in  N2  saturated  0.5  M  H2S04  and  1.0  M  MeOH 
aqueous  solution  is  shown  in  Fig.  8a.  The  maximum  current  density 
Umax)  during  methanol  oxidation  was  measured  from  voltammet¬ 
ric  curves  for  Pt@NC-CNT-600  (13.2  mAcm-2),  Pt@NC-CNT-600-y 
(0.51  mAcm-2)  and  Pt/XC-72  electrode  (10.8 mAcm-2),  as  shown 
in  Table  2.  For  Pt@NC-CNT-600-y,  the  low  value  in  maximum 
current  density  corresponds  to  its  low  EAS.  In  contrast  to  Pt@NC- 
CNT-600-y,  Pt@NC-CNT-600  showed  a  25-times  higher  value  than 
Pt@NC-CNT-600-y  in  catalytic  activity  due  the  surface  of  the  Pt 
nanoparticles  being  more  exposed,  correlating  with  the  results  of 
the  EAS.  This  further  suggests  that  the  function  of  the  foaming  agent 
used  for  preparing  Pt@NC-CNT  in  this  novel  synthesis  technique  is 
of  paramount  importance  to  the  catalytic  ability  of  the  methanol 
oxidation  reaction  (MOR).  Furthermore,  both  the  /max  for  Pt@NC- 
CNT-500  (0.6  m2  g-1 )  and  Pt@NC-CNT-800  (6.8  m2  g-1 )  are  smaller 
than  Pt@NC-CNT-600,  corresponding  to  their  low  EAS  values. 

The  electrocatalyst  durability  of  the  Pt@NC-CNT  and  of  Pt/XC-72 
were  evaluated  through  repeated  CV  cycles  with  the  appro¬ 
priate  lower  and  upper  potential  limits  in  a  0.5  M  H2S04  and 
1.0  M  MeOH  solution.  After  2000  cycles,  the  /max  of  MOR  for 
Pt@NC-CNT  (6.9  mAcm-2)  was  15  times  higher  than  that  of  E-TEK 
(0.46  mAcm-2)  (Fig.  8b).  This  means  that  the  Pt@NC-CNT  catalyst 
has  extremely  stable  electrocatalytic  activity  for  MOR  owing  to  the 
unique  structure  of  Pt@NC-CNT,  where  Pt  is  protected  by  being 
embedded  inside  the  porous  N-doped  carbon  char.  This  result  was 
confirmed  by  observing  the  changes  in  the  Pt  particle  sizes  of  both 
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catalysts  before  and  after  the  accelerated  durability  test  using  the 
TEM  images,  as  shown  in  Fig.  9a  and  c.  The  particle  size  of  the  E- 
TEK  (Pt/XC-72)  catalyst  increased  from  2.8  nm  to  larger  than  10  nm 
after  the  durability  test.  Here,  the  main  reason  for  the  decrease  in 
the  current  density  of  MOR  of  Pt/XC-72  was  confirmed  to  be  the 
sintering  of  the  Pt  particles  as  evidenced  from  the  TEM  images.  On 
the  other  hand,  the  TEM  image  of  the  Pt@NC-CNT  catalyst  shows  a 
similar  particle  size  before  and  after  the  durability  test,  as  shown 
in  Fig.  9b  and  d.  Again,  we  can  conclude  that  the  unique  structure 
of  Pt@NC-CNT  provides  extremely  high  catalytic  durability,  where 
the  embedded  Pt  within  the  porous  carbon  char  is  likely  protected 
to  prevent  agglomeration  of  Pt  particles  in  the  carbon  support. 

4.  Conclusion 

The  particle  size  variation  of  Pt@NC-CNT  is  significant  with 
respect  to  an  increasing  carbonization  temperature.  The  HR-TEM, 
surface  area,  and  XPS  results  show  that  adding  the  foaming  agent 
not  only  encourages  high  porosity  forms  and  a  large  carbon- 
layer  surface  area,  but  also  exposes  more  of  the  platinum  catalyst, 
resulting  in  a  higher  degree  of  platinum  catalyst  reduction.  In  the 
durability  test,  after  2000  cycles,  the  Jmax  for  MOR  was  0.46  and 
6.9  mAcrrr2  for  Pt/XC-72  and  Pt@NC-CNT,  respectively.  Moreover, 
the  Pt@NC-CNT  catalyst  has  extremely  stable  electrocatalytic  activ¬ 
ity  for  MOR  owing  to  its  unique  structure,  where  Pt  is  protected  by 
being  embedded  inside  the  porous  N-doped  carbon  char. 
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